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Identification of disulphide bonds in the refolding of bovine
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Background: Comprehension of the rules that govern the folding process is still
far from satisfactory, though it is nevertheless clear that all the information
required to define the folding is encoded in the amino acid sequence. In proteins
that contain disulphide bonds, folding is associated with disulphide bond
formation. Protein species with different numbers of disulphides tend to
accumulate during the process; these species can be trapped in a stable form,
by quenching any remaining free SH groups, and then characterized in order to
identify the disulphide bonds formed. 
Results: The refolding pathway of reduced and denatured RNase A has been
studied using mass spectrometric strategies which allow identification of the
formation and rearrangement of disulphide bonds during the process. When
reoxidation was carried out in the presence of 8 M urea, producing the classic
‘scrambled’ RNase, three native and 11 non-native disulphide bonds were
identified. When the reoxidation was performed under nondenaturing conditions,
the formation of several well defined non-native as well as native S–S bonds was
observed at early stages of the refolding process. Under appropriate conditions,
all four native disulphide bonds were identified at later stages of refolding and
non-native disulphides were greatly diminished or non-existent. This stage
corresponded with the almost complete recovery of biological activity of the
protein.
Conclusions: The results presented here show that both native and non-native
disulphide bonds are formed during the refolding of reduced and denatured
RNase A in vitro under different experimental conditions. Essentially 14
disulphide bonds were observed of the 28 theoretically possible cysteine
couplings. Although this number constitutes a significant fraction of the
theoretical total, the occurrence of only a subset of disulphides clearly indicates
that the formation of the S–S bridges does not occur at random, even when
reoxidation takes place under denaturing conditions.
Introduction
The description of a detailed structural pathway that leads
in vitro from an unfolded polypeptide chain to a biologi-
cally active and stable conformation has been a long stand-
ing challenge [1–4]. In principle, a folding pathway is
understood when all the intermediate species are identi-
fied and their structures are characterized. In practice, this
approach is severely limited by the fact that intermediates
have low abundance due to the high cooperativity of
folding transitions and they tend to accumulate only tran-
siently in the timecourse of the folding process. A great
variety of techniques have therefore been used to struc-
turally define the folding process: each technique focuses
on a particular feature of the folding protein and, for this
reason, provided that the experiments are performed under
identical folding conditions, they generate complementary
data, which in combination can reveal information regard-
ing events from the earliest measurable times to the last
stages in folding. So far, despite some general characteris-
tics being evident, comprehension of the rules that govern
the folding process is still far from satisfactory, though it is
nevertheless clear that all the information required to
define the folding is encoded in the amino acid sequence.
In vivo, auxiliary factors assist folding and many of them
have been identified as both chaperones and catalysts [5,6].
These new findings do not, however, alter the view that
the amino acid sequence encodes the three-dimensional
structure of a protein: auxiliary factors may facilitate
folding efficiency in the cell, but they do not direct it. 
For disulphide-containing proteins, folding is related to
the formation of the unique set of native disulphide
bonds. The specificity of disulphide bond formation is
determined by the extent to which noncovalent interac-
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tions favour conformations where the cysteine thiols are
positioned to interact, and it is clear that disulphide bond
formation and isomerization are rate-determining steps.
Protein species with different numbers of disulphide
bonds tend to accumulate during refolding, and as a result,
disulphide-bonded intermediates can be trapped in a
stable form, by quenching any remaining free SH groups,
and their disulphide bonds identified. Trapping of S–S
bonded intermediates by alkylation of free thiol groups
followed by separation and analysis of the individual
species was first used to determine the refolding pathway
of bovine pancreatic trypsin inhibitor (BPTI) [7–10]; the
procedure was extended using acid quenching of the free
SH groups and reverse-phase HPLC analysis of the
trapped intermediates in studies on the same protein [11]. 
However, the problem remains nontrivial and very few
pathways have been completely characterized due to the
rapid increase in the number of possible disulphide inter-
mediates with the increase in the number of cysteines in
the protein. The same approach described above in fact
led to unsatisfactory results when applied to bovine pan-
creatic ribonuclease A (RNase A) [12–14], which has four
disulphide bridges. RNase A has been the archetypal
model of protein folding for three decades since the fun-
damental studies of Anfinsen and colleagues [15–17]. Its
refolding has been studied using several different
approaches and a variety of different redox systems, but
despite many efforts, little is known about the definitive
structures of intermediates existing in the refolding
pathway [2,18–21]. Rapid pulse-labelling of amide protons
in combination with high-resolution NMR analysis has
provided some detailed, though incomplete, structural
insights into early intermediates formed during the refold-
ing pathway(s) of RNase A [22,23]. The complexity of the
problem therefore requires new and complementary
experimental approaches to provide more detailed infor-
mation on the refolding process. 
In a previous paper [24], electrospray mass spectrometry
(ES-MS) was used extensively to obtain information on the
nature of disulphide-containing intermediates in the
refolding of RNase A in the presence of the redox couple
GSSG/GSH. The analysis showed that the pairing of cys-
teine residues proceeds via three groups of balanced inter-
mediates containing one, two and three disulphides. These
intermediates could be highly heterogenous and may
consist of several different disulphide species, since the
ES-MS experiment on the intact protein shows only the
number of S–S bridges and not their identities. However,
the species containing two disulphide bonds predominates
until the late stages of the process when the component
containing four disulphides increases considerably. 
In this paper, we describe the use of mass spectrometry to
obtain direct structural information on the disulphide
bonds present in the intermediates formed during the
refolding of RNase A. The reduced and denatured protein
was reoxidized both in the presence and absence of dena-
turing agents. The reoxidation in the presence of 8 M urea
led to the so-called ‘scrambled’ RNase A [15], which was
shown to contain only a subset of disulphides compared to
the theoretical 28 cysteine pairings. Reoxidation in the
absence of denaturing agents was carried out in the pres-
ence of a glutathione redox system and led to the recovery
of the native RNase A via formation of both native and
non-native S–S bridges. The experimental approach is
based upon determination of the masses of disulphide-
linked peptides by direct analysis of unfractionated or par-
tially purified protein digests in mapping experiments by
high-field fast/atom/bombardment mass spectrometry
(FAB-MS), ES-MS or matrix-assisted laser desorption ion-
ization mass spectrometry (MALDI-MS). We have
described both the S–S bond assignment strategy itself
and the concept of its use in the study of the protein
folding problem in previous papers [25,26].
Results
Native RNase A 
The first step in the structural analysis of disulphide
bonds present in the intermediates accumulating during
the refolding of RNase A was to develop a straightforward
mapping procedure for the definition of the S–S bond
pattern in the native state of the protein. Direct FAB-MS
mapping of the proteolytic fragments produced by consec-
utive peptic and tryptic digestion of native RNase A
allowed the observation and assignment of two native S–S
bonds in the spectrum. The inability to detect all four
disulphide bonds in native RNase A was ascribed to the
partial suppression occurring during FAB analysis of
complex peptide mixtures. This phenomenon was first
discovered in our laboratory [27] and was subsequently
confirmed by other groups [28]. A series of simple proce-
dures were therefore developed to mitigate the suppres-
sion of mass signals. First, the peptide mixture was
partially fractionated by a simple chromatographic step
using a C-18 Sep-Pak cartridge. Two fractions were col-
lected by eluting the cartridge first with 20% and then
70% acetonitrile containing 0.1% trifluoroacetic acid.
Hydrophilic peptides were eluted in the first fraction
whereas the more hydrophobic ones were eluted with the
higher acetonitrile concentration. The grouping of pep-
tides into subsets of similar hydrophobic characteristics
removes the competitive effect whereby hydrophobic
peptides exclude more hydrophilic ones from the matrix
surface, thus suppressing their ionization. The Sep-Pak
grouping of peptides in this way is very often quite suffi-
cient to allow complete FAB mapping of a protein as small
as ribonuclease.
The FAB analysis of the two Sep-Pak fractions led, in fact,
to the identification of all four native disulphide bonds
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(Fig. 1). Peptides linked by the Cys58–Cys110 bond were
found in the 70% acetonitrile fraction (Fig. 1b) whilst
signals corresponding to the remaining three disulphide
bonds were detected in the 20% acetonitrile fraction
(Fig. 1a).
A second approach using a mixed matrix of m-nitrobenzyl-
alcohol/glycerol was used for the direct FAB analysis of
the unfractionated peptic/tryptic digest, instead of the
classic independent usage of either matrix. The data
obtained under these conditions again revealed all four
disulphide bonds via signals including m/z 1225, 1708,
1795 and 2120 (data not shown, for interpretation see
Fig. 1). These peptide maps were taken as an end-point
reference for the analysis of the refolding intermediates.
Reoxidation in 8 M urea: ‘scrambled’ RNase A
Starting from a fully reduced form of RNase A obtained
under putative denaturing conditions, the products of
reoxidation in the presence or in the absence of denatur-
ing agents were analyzed.
The reoxidation in 8 M urea under the conditions first
reported by Anfinsen and Haber [15] leads to the formation
of the so-called ‘scrambled’ RNase (s-RNase), a mixture of
multiple molecular species with no titratable thiol groups.
The mapping procedures set up for the native RNase A
were used, producing the signals shown in Table 1, which
were assignable to three native disulphide bonds
(Cys40–Cys95, Cys65–Cys72 and Cys58–Cys110), nine non-
native disulphide bonds and two definite intermolecular
bonds (Cys40–Cys40 and Cys110–Cys110). The last finding
confirms the presence of dimeric species in the s-RNase
preparation already detected by SDS-PAGE (data not
shown). It is clear that any of the identified disulphide bonds
could, in principle, derive from intermolecular couplings, but
the electrophoretic analysis showed that the dimeric species
constitute only a minute fraction of s-RNase preparation.
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Figure 1
FAB mapping of native RNase A. Partial FAB mass spectrum of (a)
20% and (b) 70% acetonitrile Sep-Pak fractions of the peptic/tryptic
digest of native RNase A. The mass values related to S–S bridged
peptides and the corresponding assignments are shown; the position
of cysteine residues in the RNase A sequence is shown in the insert.
All the disulphide signals disappear following reduction of the peptide
mixture. The assignments were confirmed by a single step of Edman
degradation which shifted the signals to mass values corresponding to
the removal of the two putative N termini [25]. m/z, mass/charge ratio.
All the disulphide bond assignments were confirmed both
by reduction and by re-analysis to observe the mass shift
after a step of Edman degradation [25,26]. The identifica-
tion of all the disulphides present in the s-RNase consti-
tutes a difficult structural problem due to the large
theoretical number of S–S bonds and to the possible con-
temporary presence of predominant molecular species and
minor components. It was important, therefore, to confirm
the above results by an independent complementary
approach.
An alternative proteolytic digest was performed on the 
s-RNase by using trypsin followed by endoproteinase
Asp-N. This proteolytic procedure was effective, yielding
a peptide mixture in which each cysteine was isolated in
an individual peptide. The identification of the S–S
bonded fragments was then quite straightforward. The
peptide mixture was both analyzed directly by FAB-MS
and fractionated by HPLC prior to MS analysis. The indi-
vidual fractions of the HPLC trace were then screened by
ES-MS and the S–S bonded peptides assigned by their
unique mass values in the usual way. In addition to the
S–S bonds already detected in the peptic/tryptic digest,
the direct FAB-MS analysis of the new digest peptide
mixture identified two further S–S bonds joining
Cys58–Cys65 and Cys72–Cys110. The screening of
HPLC fractions by ES-MS revealed only the additional
presence of two very minor disulphides, Cys65–Cys95 and
Cys72–Cys95, detected in two peaks having low UV
absorbance.
Recent reports [29] have also demonstrated that direct
mixture analysis by MALDI-MS is favourable in terms of
speed and high sensitivity. The method is also believed to
possess minimal suppression or preferential ionization
properties. The peptic/tryptic digest of s-RNase was
therefore analyzed by MALDI using -cyano 4-hydroxy-
cinnamic acid as matrix. The results of MALDI-MS analy-
sis are shown in Figure 2. Data obtained under these con-
ditions, which are very different to the FAB-MS or ES-MS
conditions, confirmed the disulphide bridges identified
above and did not show the presence of any further disul-
phide bonds in the s-RNase digest. The minimal impor-
tance of the suppression phenomena in MALDI analyses
is confirmed here in that the same results were obtained
by direct analysis of the unfractionated peptic/tryptic
digest which had been partially purified by Sep-Pak prior
to FAB analysis. The FAB-MS, ES-MS and MALDI-MS
analyses clearly show that only a subset of disulphide
bonds are present, compared to the 28 theoretically possi-
ble intramolecular couplings of the eight cysteine
residues.
Because the data obtained in the MS experiments above
show the presence of a subset of defined specific S–S
bridged species, it was felt important to demonstrate that
the MS strategies employed are indeed capable of visual-
izing any species present. This was achieved by synthesiz-
ing two of the possible disulphide bridge pairs: one not
observed in any of the above MS experiments and one
seen by ES-MS as a minor component only after extensive
HPLC purification of the tryptic/Asp-N digest. The
sequences synthesized were chosen as the known
peptic/tryptic cleavages seen in reduction experiments or
as components of different (observed) disulphide-bridged
pairs. In this final control experiment, the peptide
CKPVNT (RNase sequence 40–45 shown in the one-
letter amino acid code) was linked to NVACK (RNase
sequence 62–66) via an S–S bond between Cys40 and
Cys65 (peptide 1) and peptide NVACK (RNase sequence
62–66) was linked to YPNCAYK (RNase sequence 92–98)
via an S–S bond between Cys65 and Cys95 (peptide 2). 
The peptic/tryptic digest of s-RNase was then combined
in turn with peptides 1 and 2, both in an equimolar
mixture and in a 10:1 ratio of s-RNase : peptide, and
directly analyzed by FAB-MS and MALDI-MS without
previous fractionation steps. This represents the worst
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Table 1
Mass values assigned to S–S bridged peptides in the FAB-MS
experiments on ‘scrambled’ RNase A digested with pepsin
followed by trypsin.
MH+ Assignment S–S bond
2653 (54–61) + (105–120) Cys58–Cys110
2649 (92–98) + (105–120) Cys95–Cys110
2519 (110–120) + (110–120) Cys110–Cys110
2485 (80–85) + (105–120) Cys84–Cys110
2452 (40–45) + (105–120) Cys40–Cys110
2426 (56–61) + (105–120) Cys58–Cys110
2362 (20–29) + (110–120) Cys26–Cys110
2325 (62–66) + (105–120) Cys65–Cys110
1952 (80–85) + (110–120) Cys84–Cys110
1919 (40–45) + (110–120) Cys40–Cys110
1893 (56–61) + (110–120) Cys58–Cys110
1825 (92–96) + (110–120) Cys95–Cys110
1708 (62–66) + (67–76) Cys65–Cys72
1549 (80–85) + (92–98) Cys84–Cys95
1352 (40–45) + (80–85) Cys40–Cys84
1326 (56–61) + (80–85) Cys58–Cys84
1319 (40–45) + (40–45) Cys40–Cys40
1293 (40–45) + (56–61) Cys40–Cys58
1225 (40–45) + (92–96) Cys40–Cys95
All the assignments were confirmed as described for the native protein.
Native S–S bonds are in bold, non-native ones in plain print.
case scenario in that suppression effects are maximized in
the nonfractionated experiments (see above). Despite
this, both synthesized disulphide-bridged pairs were
readily observed in these control experiments, even by
direct FAB analysis. Figure 3 shows the FAB-MS spec-
trum of the unfractionated s-RNase mixture combined
with peptide 1. The spectrum showed the presence of all
the mass signals detected in the FAB-MS analysis of the
unfractionated peptic/tryptic digest of the s-RNase plus
the presence of a signal at m/z 1192 corresponding to
peptide 1, NVACK and CKPVNT. The same experiment
was performed with peptide 2, leading to the observation
of the corresponding mass signal at m/z 1389 in the
mixture. The ability to detect the signals corresponding to
the chemically synthesized peptides even in the unfrac-
tioned s-RNase A digest strongly demonstrates that these
peptides were absent or present in minute quantities in
the original s-RNase mixture. We can therefore affirm that
only a subset of the possible 28 cysteine intramolecular
couplings is present in the s-RNase preparation. 
Refolding of reduced and denatured RNase A
Reoxidation in the absence of denaturing agents, i.e. the
refolding of denatured and reduced RNase A, was carried
out in the presence of a mixture of GSSG/GSH. There is
now good evidence that glutathione is the major thiol-
disulphide buffer in the secretory organelles of eukaryotic
cells and that the ratio of oxidized and reduced glu-
tathione is sufficiently high to promote protein disulphide
formation [30].
The reduced and denatured RNase A was tested both for
the free SH content [31] and enzymatic activity [32]
before starting any refolding reaction. The extent of the
refolding process was monitored by measuring the recov-
ery of enzymatic activity on aliquots of the reaction
mixture withdrawn at different time intervals. Refolding
intermediates were trapped by carboxymethylation of the
free SH groups, according to Weissman and Kim [11]. In
order to check the initial conditions of the process and to
verify the efficiency of the quenching procedure, an
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Figure 2
MALDI mapping of scrambled RNase A. Partial MALDI mass spectrum
of the unfractionated peptic/tryptic digest of scrambled RNase A. For
the assignment of the mass values to the S–S bridged peptides, refer
to Table 1. 
aliquot of the reaction mixture was withdrawn just after
the addition of the refolding agents. The carboxymethy-
lated sample was analyzed by ES-MS showing the pres-
ence of a single component with a molecular mass of
14154.64 ± 0.30 Da corresponding to the RNase A with all
the eight cysteine residues modified by carboxymethyl
groups (expected value 14154.5 Da). The absence of com-
ponents carrying less than eight carboxymethyl groups
due to the formation of intramolecular S–S bonds demon-
strates the efficiency of the quenching reaction. As we
showed in our previous paper [24], quenching with 0.5 M
iodoacetic acid or 1.1 M iodoacetamide produced a very
similar distribution of disulphide-containing intermedi-
ates, providing evidence for the efficacy of the quenching
reaction in reflecting the composition of the refolding
mixture, since it does not depend on the kind of alkylating
reagent used.
Following incubation with 4 mM GSH and 0.4 mM
GSSG, the reduced and denatured RNase A exhibited a
recovery of enzymatic activity greater than 90% within
24 h, as shown before [24]. The structural investigation of
the refolding process taking place under these conditions
has now led to the definition of the disulphide bonds
formed during the reaction pathway. Peptide mapping of
the sample taken at time zero of the refolding process con-
firmed the absence of any disulphide bond at this stage
and identified all the cysteine residues as carboxymethy-
lated cysteine. The analysis of samples withdrawn after
30 min of the refolding process revealed the presence of
three native disulphides (Cys40–Cys95, Cys65–Cys72 and
Cys58–Cys110) together with a number of non-native S–S
bonds (Table 2). After 2 h of the process, the spectra
showed the presence of the four native disulphide bonds
together with some of the non-native disulphide bridges
detected at 30 min and the disappearance of the
Cys58–Cys65 disulphide (Table 2). Finally, the samples
withdrawn at 24 h were analyzed both by ES-MS for the
intact protein and by FAB mapping the digest. The elec-
trospray spectra showed the presence of a single compo-
nent exhibiting a molecular mass of 13681.30 ± 1.04 Da,
corresponding to the RNase A with four disulphide bonds
(expected value 13682.2 Da). The FAB mapping analysis
showed principally the existence of the native disulphide
bonds (Fig. 4), thus confirming that under these condi-
tions the reduced and denatured RNase is able to fold by
correctly pairing the cysteine residues. The presence of a
few weak signals corresponding to non-native S–S bridges,
together with the incomplete recovery of the enzymatic
activity (>90% based on the Kunitz assay [32]), demon-
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Figure 3
FAB analysis of s-RNase A peptic/tryptic
digest mixed with peptide 1. Partial FAB mass
spectrum of an unfractionated peptic/tryptic
mixture of s-RNase A following the addition of
the chemically synthesized peptide 1. The
mass values related to S–S bridged peptides
and the corresponding assignments are
shown. All the assignments were confirmed
as described. The mass signal corresponding
to peptide 1 is indicated. 
strates that at this stage some minor molecular species
exist that have not completed the refolding process.
Discussion
The results obtained by the mass spectrometric proce-
dures presented here show that both native and non-
native disulphide bonds are formed during the refolding
of reduced and denatured RNase A in vitro under differ-
ent redox conditions. The reoxidation in the presence of
denaturing agents led to the formation of scrambled
RNase A. s-RNase A has been used as a substrate for
studying the refolding of disulphide-containing proteins
since the pioneering studies of Anfinsen and colleagues
[15–17], but this complex mixture of disulphide isomers
has never been structurally characterized to define the
nature of the disulphides present. For the analysis of s-
RNase, two independent proteolytic approaches were
used to generate peptide mixtures with completely differ-
ent physico-chemical properties (as previously suggested
in the mass analysis of large proteins [33]), which were
then analyzed by a series of different mass spectrometric
techniques. The detailed structural characterization of s-
RNase showed that only a subset of the theoretically pos-
sible S–S bonds (14 out of 28) exist in this state in contrast
to the random distribution of disulphides proposed by
Anfinsen and Haber [15]. The results strongly indicate
that the formation of disulphide bonds during reoxidation
does not occur at random but is directed in some way,
even when the process takes place in the presence of 8 M
urea. This result can also be interpreted in the light that
under these denaturing conditions RNase A is unlikely to
be a true random coil but contains some residual structure,
thus supporting the findings reported by Pace et al. [34]
that the protein does not acquire a completely random coil
conformation under the denaturing conditions used.
The refolding of RNase A carried out in the presence of a
mixture of GSSG/GSH led to a recovery of more than 90%
of activity within 24 h. During the refolding process a
preferential coupling of the cysteine residues has been
observed here, which leads initially to the formation of
some well defined non-native disulphide bonds, together
with the formation of the native ones. At the end point of
the process, the MS analysis showed the existence of the
expected four native disulphide bridges. 
Even though our analyses were performed on the mixture
of molecular species present at a certain time and, there-
fore, no information is available on the S–S bridges
present in each individual transient species, some conclu-
sions can nevertheless be drawn. Since only a few well
defined native and non-native disulphide bonds are
observed even at short refolding times, it seems evident
that the formation of the first S–S bond during the refold-
ing process is not statistically random, but that the cou-
pling of some disulphide bonds is preferred to others.
Recently, a nonrandom distribution of one-disulphide
intermediates was found in the refolding of RNase A [35].
The argument for preferential coupling is further
strengthened because the non-native S–S bonds detected
during the refolding process described here are the same
ones that we identified in the ‘scrambled’ RNase charac-
terization.
A further observation that can be made on the basis of the
structural definition of the disulphides present in the
refolding process reported here concerns the reactivity of
the individual cysteine residues. Cys110 was, in fact,
found to be involved in several non-native S–S bridges.
This might be due to either an intrinsically high reactivity
of this thiol group or, more likely, to the considerable flex-
ibility of the C-terminal segment of the protein [36,37],
which allows Cys110 to react with other cysteines far apart
in the polypeptide chain. The S–S bridges involving
Cys84 and especially Cys26, on the other hand, are under-
represented; these data can hardly be rationalized in terms
of cysteine reactivity since this property depends greatly
on the microenvironment of the individual residues. It
should be mentioned, though, that during early folding
studies [13], Cys26 was reported to be involved less than
the other cysteines in the formation of S–S bridges. 
In recent years, the disulphide rearrangement seen in the
in vitro refolding of BPTI has resulted in considerable dis-
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Table 2
Mass values assigned to S–S bridged peptides in the FAB-MS
of samples withdrawn at 30 min and 2 h of the refolding
process in the presence of 4 mM GSH and 0.4 mM GSSG.
MH+ Assignment S–S bond
30 min 2 h
2649 2649 (92–98) + (105–120) Cys95–Cys110
2485 2485 (80–85) + (105–120) Cys84–Cys110
2452 2452 (40–45) + (105–120) Cys40–Cys110
2426 2426 (56–61) + (105–120) Cys58–Cys110
2325 2325 (62–66) + (105–120) Cys65–Cys110
1739 1739 (52–61) + (80–85) Cys58–Cys84
1708 1708 (62–66) + (67–76) Cys65–Cys72
1579 Absent (52–61) + (62–66) Cys58–Cys65
1549 1549 (80–85) + (92–98) Cys84–Cys95
1352 1352 (40–45) + (80–85) Cys40–Cys84
1225 1225 (40–45) + (92–96) Cys40–Cys95
Absent 1186 (26–29) + (80–85) Cys26–Cys84
Native S–S bonds are in bold, non-native ones in plain print. All the
assignments were confirmed as described for the native and
scrambled RNase A.
cussion [2,7–11] about the abundance of non-native disul-
phide-bonded intermediates and their role in the refold-
ing of BPTI. Here, in the case of the refolding of RNase A
in vitro, we cannot yet argue whether or not the non-native
disulphide-bonded intermediates actually observed are
predominant during the refolding process. Work is now in
progress to separate and purify intermediate populations
characterized by the same number of S–S bonds, as it is
clear that the definition of disulphide-bridged isomers
within a population will allow the definitive and complete
description of the folding pathway in terms of individual
molecular species.
Finally, the results described in the present paper demon-
strate that the mass spectrometric strategies used allow
the rapid definition of the exact nature of disulphide
bonds formed during the refolding of reduced and dena-
tured RNase A. The possible suppression of mass signals,
which represents a potential limitation in the mass
mapping procedure, has been overcome using simple
partial fractionation of the peptide mixture and/or differ-
ent matrices and a complementary range of FAB, ES and
MALDI ionization techniques for obtaining the mass
spectra. In general, we believe that these mass spectro-
metric approaches will be effective in defining the refold-
ing pathways of any disulphide-bridged protein by sam-
pling of the folding/refolding experiments on a timecourse
basis, followed by direct identification of the disulphide
bonds present, thus complementing existing methods of
refolding analysis. 
Materials and methods
5,5′-dithiobis(2-nitrobenzoic acid) (DTNB), dithiothreitol (DTT), ethyl-
enediamine tetraacetic acid (EDTA), reduced glutathione (GSH), oxi-
dized glutathione (GSSG), iodoacetic acid, pepsin, trypsin, and
RNase A were obtained from Sigma Chemical Co; Tris and urea were
purchased from Fluka. Pre-packed Sephadex G-25M PD10 was
acquired from Pharmacia. C-18 Sep-Pak cartridges were obtained
from Waters. Endoproteinase Asp-N was acquired from Boehringer
Mannheim GmbH. All other reagents were HPLC grade from Carlo
Erba.
Proteolytic hydrolysis
Pepsin hydrolysis was carried out in 5% formic acid at 37°C for 6 h
using an enzyme : substrate ratio of 1:50 (w/w), conditions that are
known not to cause any S–S bridge reduction [25,26]. Tryptic diges-
tion was performed on the mixture of peptic peptides in 0.4% ammo-
nium bicarbonate, pH 8.5, at 37°C for 4 h, using an enzyme : substrate
ratio of 1:50. Endoproteinase Asp-N hydrolysis was carried out on the
mixture of tryptic peptides in 100 mM ammonium bicarbonate, pH 8.5,
at 37°C for 18 h using an enzyme : substrate ratio of 1:100 (w/w).
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Figure 4
FAB mapping of the refolded RNase A. Partial FAB mass spectrum of
(a) 20% and (b) 70% acetonitrile Sep-Pak fractions of the
peptic/tryptic peptide mixture of a sample withdrawn at the 24 h point
of the refolding process in the presence of 4 mM GSH and 0.4 mM
GSSG. The mass values related to S–S bridged peptides and the
corresponding assignments are shown. All the assignments were
confirmed as described.
Reduction of peptide mixtures
The proteolytic digests were incubated with 60-fold molar excess DTT
over the SH groups in 0.4% ammonium bicarbonate, pH 8.5, at 37°C
for 3 h.
Preparation of ‘scrambled’ RNase A
The preparation of ‘scrambled’ RNase A was carried out according to
Anfinsen and Haber [15]. It was tested for free SH content by titration
with DTNB [31], resulting in no detectable free thiol groups. Assaying
for ribonuclease activity [32] yielded a residual 0.1% activity. The SDS-
PAGE analysis, carried out under nonreducing conditions, revealed a
major band co-migrating with native RNase A and a minor slow-migrat-
ing band compatible with a dimeric species. The same analysis per-
formed under reducing conditions gave rise to a single protein band
having the molecular weight of RNase A.
Peptide synthesis
The reduced peptides CKPVNT (RNase sequence 40–45), NVACK
(RNase sequence 62–66) and YPNCAYK (RNase sequence 92–98)
were synthesized with the Boc-benzyl protecting group strategy by the
solid-phase method. The reduced peptides were dissolved into an
acetic acid solution (5% in water) at a concentration of about
4 mg ml–1, adjusted to pH 6 and diluted to a final concentration of
0.5 mg ml–1 in dimethyl sulphoxide (DMSO) (20% final concentration)
to initiate the disulphide formation as described [38]. The disulphide-
bridged peptides of interest were purified by C-18 reverse-phase
HPLC with a gradient of 0.1% TFA in acetonitrile. The purified peptides
were then quantitated by amino acid analysis.
Refolding
The reduced and denatured ribonuclease was prepared by reduction of
RNase A (25 mg ml–1) with a 72-fold molar excess of DTT in 50 mM
Tris-HCl, pH 8.6, containing 10 M urea, at room temperature for 24 h,
under N2 atmosphere. The pH of the protein solution was then lowered
to 4.0 by adding glacial acetic acid and the protein was separated from
the excess DTT and urea by gel filtration chromatography on a
Sephadex G-25 column equilibrated and eluted with 0.6% acetic acid.
The protein fraction was recovered, lyophilized and stored at –20°C.
Refolding was carried out at the protein concentration of 1.0 mg ml–1 in
the presence of 0.4 mM oxidized glutathione and 4 mM reduced glu-
tathione in Tris-HCl 0.1 M, pH 8.0, containing 1 mM EDTA. The reac-
tion mixture was incubated at room temperature under N2 atmosphere
for 24 h.
Aliquots of 500 l (500 g) were withdrawn at 0 and 30 min, 1, 2, 3,
4, 5 and 24 h, then added to 500 l of 1 M iodoacetate solution.
Although iodoacetate quenching should be used cautiously, high con-
centrations of iodoacetate provide an efficient quench [11]. The car-
boxymethylation reaction was carried out for 5 min in the dark and the
protein samples were removed from the excess of reagent by rapid gel-
filtration on a prepacked PD10 column, equilibrated and eluted with
0.6% acetic acid. The protein fraction was then recovered and
lyophilized. The SDS-PAGE analysis (data not shown) carried out
under nonreducing conditions showed that only monomeric species
are present during the refolding reaction.
The protein samples withdrawn at different incubation times were
finally digested first with pepsin and then trypsin under the conditions
used for the native RNase A.
Mass spectrometry
ES-MS analyses were carried out using a VG BioQ triple quadrupole
mass spectrometer equipped with an electrospray ion source. Samples
were injected into the ion source via loop injection at a flow rate of
5 l min–1; spectra were recorded by scanning the first quadrupole at 10
s scan–1. Mass calibration was performed by means of multiply charged
ions from a separate injection of horse heart myoglobin (16950.5 Da).
FAB mass spectra were recorded on three types of instrument at differ-
ent times with equivalent results: a VG ZAB HF operating with a M-
Scan xenon ion gun at 10 kV (10 A), a VG ZAB 2SE operating with a
VG caesium ion gun at 25 kV (2 A) and a Finnegan MAT 90 operat-
ing with an Ion Tech xenon atom gun at 10 kV (2 A). Samples were
dissolved in 5% acetic acid and loaded onto a probe tip coated with
either glycerol or m-nitrobenzyl alcohol. In the mixed matrix experiment,
samples were added to a probe tip coated with a mixture of m-
nitrobenzyl alcohol and glycerol. A trace of thioglycerol was added just
before inserting the probe into the ion source to enhance sensitivity.
Matrix-assisted laser desorption ionization analyses were carried out
using a VG TOF-SPEC E mass spectrometer in the reflector mode.
The mass range was calibrated using a mixture of angiotensin I and
ACTH 18–39 as external standards. Samples were dissolved in 0.1%
TFA at a 7 pm l–1 concentration; 1 l was mixed with an high excess
of a solution of -cyano 4-hydroxycinnamic acid, applied to a sample
slide and allowed to air-dry before collecting spectra. 
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